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Abatract 

Tha Engina Co^>onant laprovanaot (ECI) Progran 
ia NASA tponsorad and ia apacifieally diractad at 
rtducing tha fual conaua^tion of eoaawicial air- 
craft in the naar-taia. Aa part of tha SCI prograo, 
a Ferfonance laiprovaaant (PI) effort aiaad at de- 
veloping fuel aaving and retention coaponenta for 
new production and retrofit of JT9D, JT8D, and CF6 
cnginca ia underway. Thia paper reviewa the aenner 
in which the PI concepta were aelected for develop- 
nent and aumnariaea the current atatua of each of 
the 16 NASA aelected concepta. 

Introduction 

In 197S-1976 the Aircraft Energy Efficient 
(ACER) Program waa fotaulated and begun under NASA 
aponaorahip. Aa part of thia program technological 
advancea were initiated apecifically aimed at im- 
proving the fuel nfficiency of the JTBD, JT9D, and 
CF6 turbofan enginea. Thia effort, called the En- 
gine Component Improvement (ECI) Program, haa been 
divided into two part a: Engine Diagnoatica and Per- 
fomjnce Improvement. The Engine Diagnoatica part 
of the program conaiata of analyaia and teat of the 
JT9D and CF6 enginea to iaolate and quantify the 
cauaea of performance deterioration with time. The 
uae of theae data ia expected to reduce the fuel 
conaumption of current enginea about 1 percent and 
alao aid in the deaign of future enginea. 

The Performance Improvement (PI) part of the 
program, which ia the aubject of thia paper, ia 
directed at developing fuel aaving and retention 
conponenta for new production and retrofit of JT9D, 
JT8D, and CF6 enginea which are ahown in Fig. 1. In 
an attempt to inaure that the fuel aaving and re- 
tention componenta are technically aound and eco- 
nomically acceptable to the air tranaport induatry, 
the Performance Improvement (PI) effort atarted 
with a Feaaibility Study by the manufacturera of 
the JT8D, JT9D', and CF6 enginea. The atudy 
objectivea were to develop a coat/beiief it methodol- 
ogy for acreening and evaluating the PI concepta, 
identify promiaing concepta, and then, carry out a 
acreening aaaeaament uaing the coat/benefit method 
and technical and economic data collected or de- 
rived aa a part of the atudy. 

The reaulta of the Feaaibility Study were then 
uaed to aid in aelection of PI concepta which NASA 
funded. Of the 16 concepta funded, development of 9 
have been completed. 

Thia paper reviewa the manner in which the PI 
concepta ware aelected for development and aummar- 
izea the current atatua of each of the 16 NASA- 
aelected concepta. 


*Head, Performance Improvement Section, NASA 
Lewia Reaearch Center. 


Feaaibility Study 

In order to awke the Feaaibility Study accu- 
rate and reflect the real world, it waa deairable 
to obtain aa wide a range of induatry participation 
aa poaaible. The chart ahown in Fig. 2 illuatrataa 
the Feaaibilty Study participanta and their rnia- 
tionahip to each other. Bach box on the chart rep- 
reaenta a contributing oiganixation. Thoae con- 
nected with aolid lined were prime participanta, 
while thoae connected with a daahed line aerved in 
a conaulting and/or adviaory role. Of particular 
note ia tha independent and direct conaulting role 
of Eaatem and Pan American to NASA, and the dif- 
ferencea in the Pratt 6 Whitney Aircraft and the 
General Electric team atructure. Pratt A Whitney 
cooperated with Trane World Airlinea (TWA) in ea- 
tabliahing a coat/ benefit methodology and in per- 
forming the economic analyaia of the PI concepta. 
Thua, TWA provided the route atructure, fleet com- 
poaition, and extenaive experience neceaaary to 
provide practical viewpointa and realiatic economic 
evaluationa of Che PI con;;cpta. For General Elec- 
tric, United and American provided aid to Douglaa 
and Boeing ao chat they could paiform the neceacary 
analyaia Co aimulace airline uaage. 

Once theae Pratt 4 Whitney and General Elec- 
tric teama had aaCabliahed their coac/bencfiC mech- 
oda, Che engine omnufacCurera identified potential 
performance improvement concepta. Some additional 
engine related PI concepta were added by the air- 
frame manufacturera. Initially, Che total liat of 
JT6D and JT9D concapca numbared 95 while the CF6 
concepta totaled 58. Preliminary acreening reduced 
the number of JT9D concepta Co 18, JT8D concepta to 
11 and CF6 concepta to 29. The primary rcaaona for 
concept rejection at thia point in the atudy were 
developmental coat beyond program acope, fuel aav 
inga too amall to neacure or verify, very_high de- 
velopment riaic, and development time longer Chan 
program guidelinea (i.e. , introduce to production 
by 1980-82). 

Following the reduction of the PI concepta to 
a more manageable number, a detailed acreening pro- 
cedure waa initiated on theae remaining concepta. A 
aummary of thia acreening procedure ia ahown in 
Fig. 3. The upper left-hand box enumeracea the En- 
gine Faccora which provide input for tha acreening 
proceaa. Included are apecific fuel conaumption 
(SFC), weight, price, omintenance coat, retrofit 
potential, and technical riak. Thia information waa 
then tranamicted to the airframe coaq)any which de- 
terminea what effect the modified engine will have 
on the aircraft. Thia includea an evaluation by Che 
atructurea, weigh'-.a, noiae, propulaion, and aero- 
dynamica groupa. The reaulta of thia evaluation 
were uaed to determine the effect on airplane per- 
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fenMnca, iMi(hCt and prica. Onea thaaa data tiara 
availablat a typical airlioa routa atruetura and 
flaat eoi^aition tiaa uaad to arriva at a fual aav- 
inta. Thia, In conjunction with aconoaic aaauap- 
tiona (i.a. , cnat/bianafit aathodoloiy) auch aa an- 
gina lifai aarkat aalaa projactiona, dapraciation. 
taxaa, fual prica, and airlina hurdla rata (i.a., 
coat of capital) , waa uaad to aatabliah tha aconoa- 
ic viability of tha PI concapta baing invaatigatad. 

Tha priaaty factora NASA uaad in aalacting Pt 
concapta for funding, ara givan in tha lowar boa^a 
of Pig. 3. Thaaa factora wara fual aavinga, a^. < .ta 
aconoaic accapcability, aa dafinad by paybac'. ,>• r- 
iod, sol, ate., davalopnant tiaa and riak, a. ' ..ASA 
davalopaant coat. Tha fual aavinga potantial waa, 
of rouraa, anhanead if tha PI concapt had ratrofit 
potential. 

Uaing thaaa eritaria, NASA aalaetad 16 con- 
capta to davalop with NASA funding. Thaaa PI con- 
capta ara liatad on Fig. 4, along with tha angina 
application, tha fual aavinga potantial in tarma of 
cruiaa SFC raduction and euaiulativa litara (gal- 
lona) of fual aavad through tha yaar 2005, and tha 
payback period. At the tiaa the atudy waa aade, 
fual pricaa of 40 canta per gallon wara typical. 
Praaant pricaa are nearar 65 canta par gallon, an 
inereaac of over 60 percent. Thia fuel coat effect 
would aubatantially reduce Che payback perioda giv- 
en on the figure. 

Perfotaance laproveaent Concapta 

A achcaatic of the current and iaproved JT80 
high preaaure turbine (HPT) outer air aeal ia ahown 
in Fig. 5. The current blade diachargea all of the 
cooling air at the blade tip and becauae of thia 
and ocher eonaiderationa haa a large blade tip 
clearance with attendant high leakage. In the re- 
viaed aehene aoat of Che cooling air diacharge ia 
relocated to the auction aide of the blade by 
plugging and drilling tha current blade. Thia 
allowa the addition of another knife edge aeal on 
the blade tip and the extenaion of the honeycoab 
aeal material to tha trailing edge of the exiacing 
apoiler, thua reducing the aeal leakage. Thia re- 
duced leakage waa eacimated to reduce cruiae SFC by 
0.5 percent. Thia development effort haa been auc- 
ceaafully completed and back-to-back engine alti- 
tude ceaca have exhibited a SFC reduction of 0.6 
percent. 3 

The JT8D high preaaure turbine root diacharge 
blade (aee fig. 6) uaea a two paaa cooling ayatem 
with improved cooling ef fectiveneaa. The new blade 
deaign requirea a new eaating; therefore, updated 
materiala, improved airfoil ahape, and reduced 
trailing edge thickneaa are incorporated. When com- 
pared to the improved JT8D HPT outer air aeal con- 
figuration (fig. 5), there ia a reduction in cool- 
ing air required, an elimination of the momentum 
loaa due to the diacharge of cooling air on the 
auction aide of the blade, and reduced blade con- 
tour loatea. It it eatimated that the root dia- 
charge blade will provide 0.9 percent reduction in 
fuel conauiiption beyond the improved high preaaure 
turbine outer air-teal configuration. At the pret- 
ant time, the concept deaign ia complete, much of 
the teat hardware it available, baaeline teating of 
Che bill-of-material configuration it complete, and 
teating of the root diacharge configuration ia be- 
ing initiated. 


The JT8D trenched-tip high-praaaure coapreaaor 
(HPC) configuration ia ahown in Fig. 7. The uae of 
abradable rub atripa through the high preaaure 
coaprataor permita running with tighter tip clear- 
aneea. A aprayed NichroaM-polyaater abradable 
appaara moat proadting baaed on coat, aroaion, and 
abradability eonaiderationa. Tha eompraaaor outer 
cate ia alto trenched ao that the blade tip at 
cruiae can run lina-on-line with the outer flow 
path. In addition, rin aeala have been added along 
Che inner flew path to reduce inter-ataga cavity 
recirculation, Chareby improving tcall aMrgin. It 
ia eatimated Chat chit blada-caaa configuration 
will provide a 2 percent improvement in cotipreaaor 
efficiency which correaponda to a 0.9 percent 
reduction in cruiae SFC. 

Currently, bill-of-iMterial compretaor rig 
Cette have been completed, and the trenched-tip 
configuration ia being readied for teat. Theae rig 
teata will then be followed by an engine dem- 
onaCration. 

The current and modified DC-9 thrutt reverter 
atang ia ahown in Fig. 8. The thrutt reveraer hinge 
aaaambly in Che current configuration redueea the 
bate area with a more complete fairing. The new 
fairing ia made of Kevlar/noi-15, au advanced com- 
potite material which will tolerate the 500° F 
environmaot created by the engine exhautt gat while 
providing improved fatigue atrength over the cur- 
rent aluminum fairing. The development effort on 
the reverter atang ia complete. Included in thia 
effort were teveral flight teata to determine the 
drag reduction. The initial teata incorporated ace- 
tic preaaure amatureamnct on the fairing aa well aa 
a tuft turvey. Theae firat teata dictated a modifi- 
cation to Che fairing contour. The latter flight 
teata relied on an extenaive tuft aurvey to detect 
the local flow conditiona. From theae reaulta a 
drag (or SFC) reduction at cruiae waa calculated to 
be 1.2 percent. A 1 year in-aervice evaluation of 
the reveraer atang fairing ia juac being initiated. 

The improved JT9D-7 fan concept ia ahown in 
Fig. 9. Fan performance ia improved by elimination 
of one of the part apan ahrouda and by incorpor- 
ation of improved fan blade aerodynamica (i.e., 
multiple circular arc airfoila). The fan blade 
chord ia increaaed (reduced aapect ratio) in order 
to avoid blade flutter and to provide aatiafactory 
foreign object damage characteriatica. In addition, 
the reduced number of fan bladea permita, becauae 
of acouacic eonaiderationa, a reduction in the num- 
ber of fan exit guide vanea with an atcendent per- 
foimance improvement. Initial eatimatea were Chat 
the improved fan would reduce the cruiae SFC by 1.3 
percent. 

Initial ground and flight teating of thia im- 
proved fan verified ita performance and atability 
expeetationa. However, the requirement for a aome- 
what different fan for the JT9D engine laodel for 
the Boeing 767 airplane led to halting development 
of thia improved fan. Nevertheleaa, the increaae in 
the data baae from teating of the improved fan ia 
directly ap^icable and ia being uaed in the fan 
development program for the JT9D-7S4 fan for the 
B-767. 

Figure 10 ahowa the improved JT9D-59/70 high 
preaaure turbine active clearance control. The 
JT9D-S9/70 high preaaure turbine it encircled by 
perforated pipea which tpray fan air on the turbine 
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eait. Tht air aupply ia turnad off durii^ takaoff, 
eliab, and landing whan tha angina ia aubjactad to 
tha noft aavera thaiaal and structural loada> Sinca 
tha casa ia hotter with tha air turnad off, tharaal 
axpanaion of tha caaa and anal support a providaa 
larger claarancct batwaan rha turbina blada tips 
and tha aaala. 'lha cooling air ia turnad on during 
cruiaa and tha ahrinkaga of tha caaa and saal 
tightens tha tip claaranca, iaproving turbina effi- 
ciancy. Tha improved ayacem incorporates increaaad 
coolant air aupply and an improved distribution 
syatam which raaulta in a reduced striking distanea 
for tha impingement jets. Thaaa iaprovamants will 
give a graatar reduction in outer air saal diamatar 
at cruiaa and therafora a greater improvamant in 
cruise SFC. The ptadictad improvement in cruise 
fuel consumption was 0.9 percent beyond that 
achieved with the currant active clearance control 
system. Development of this concept has bean com- 
pleted with a demonstrated reduction in SFC of 0.65 
percent, leas than that predicted. The reason for 
this deficiency ia the actual blade tip clearance 
available for closure was lesii Chan the original 
estimates.^ 

Zirconia ceramic coating of the JT9D first- 
stage nbsile guide vane endwalla (fig. 11) provides 
a thermal barrier or insulating effect which allows 
a reduction in cooling air and thus a predicted SFC 
reduction of 0.2 percept. Further development may 
allow thermal barrier application to vanes and 
blades in the future with additional reductions in 
the fuel consuog>tion. 

Up to the present time, considerable effort 
has been expanded on the investigation of various 
coating chemistries and the development of coating 
application techniques. For example, Ceoperature 
control of the metallic substrate during the appli- 
cation of a plasms-aprayed coating has provided a 
50 percent improvement in coating durability during 
burner rig teste. The first exposure of several 
thermal barrier coatings to an engine environment 
in this program is planned in the near future. 

The JT90 ceramic high pressure turbine outer 
air teal concept ia shown in Fig. 12. The combin- 
ation of a ceramic outer air seal and an abrasive 
blade tip provides a considerable improvement in 
abradability relative to current shroud/blade ma- 
terial combinations. This permits use of tighter 
tip clearances. Alto the ceramic shroud material 
acts at an insulator thereby reducing cooling air 
requirements. A potential cruise SFC improvement of 
0.4Z is estimated (or this concept. Currently ma- 
terial property and spray parameter tests are being 
conducted to develop a seal composition suited for 
severe engine endurance tests. Previous develop- 
mental effort has already yielded a seal configur- 
ation that has successfully been tested in an en- 
gine environment over a short period uf time. 

An improved fan package for the CF6 engine is 
pictured in Fig. 13. The two most significant fea- 
tures of the fsn package are the blade ar .odynamic 
design and the fan case stiffener. The ii'proved fsn 
design has a single part span shroud which hss been 
moved rearward on the blade. In addition, the blade 
camber has been increased by a small amount and Che 
distribution of camber ondified to move the throat 
passage forward. Thus, the part span shroud block- 
age has been shifted downstream of Che blade pas- 
sage throat with an attendant reduction of aerody- 
namic losses. 


Tha thickness distribution of the new fan 
blada ia tha aama as tha current production design 
in a chordwise and spanwiaa direction. The platfons 
and shank of the new blade are very similar to the 
production blada. The dovetail ia identical so that 
the two deaigna are coaplately interchangeable in 
the same fan disk- in sets, loth fan blades are eem- 
aon to both CP6-6 and CF6-50 engines. The new fan 
blade has the sane maintainability featuraa at the 
currant production blada, such aa individual ra- 
placanent on wing. A change in tha fan t'iak plat- 
form ia required because of a tmall change in the 
hub flowpath. Otherwiae, all intarfacta are un- 
changed. 

The fan case stiffener has been designed to 
raise the critical interaction frequtneiat of tha 
fan and tha fan case above the maximus oparating 
fan speed. This permits the fan blada tip clear- 
ances to be reduced which leads to an increata in 
fan afficiency. 

The development of the improved fan package 
haa bean coaplated and Che predicted performance 
gain, a reduction of cruise SFC of 1.8 percent, hat 
been demonstrated with no increase in noise or loss 
in stability.^ 

A short core exhaust noxsle tyttam for the 
CF6-50 engine is schesittically shown in Fig. 14. 

This concept involves replacii^ the current core 
engine reverser/exhaust nosxle system with a re- 
duced length exhaust system. The short core exhaust 
results in reduced diameter fan flow lines aft of 
the fan reverter and necesaitatea recountouring the 
engine core cowl as well at the core notsle. Theo- 
retical and model testa indicated a potential for a 
1.0 percent reduction in cruise SFC because of re- 
duced internal noxile pressure losses. In addition, 
a significant reduction in engine weight was pre- 
dicted. Development of this concept has been suc- 
cessfully completed with engine tests exhibiting an 
0.9 percent SFC improvement, no increase in engine 
noise, and 1000 flight cycles of endurance testing 
without any signs of distress.^ 

A new front mount for the CF6 engine is shown 
in Fig. 15. This redesigned mount effectively re- 
duces the point loading in the compressor casing by 
applying the engine thrust reaction at two points 
OO degrees from the top vertical centarine, thus 
the case distortion is reduced allowing the com- 
pressor blade tip clearances to be decreased. It 
was estimated that the decreased clearances would 
reduce the cruise SFC 0.3 percent. Development of 
the new front mount, which included fatigue analy- 
sis, materials testing and def lection/distortion 
and cyclic endurance teats, has been completed. 

These results demonstrate that the mechanical as- 
pects of tha new mount are satisfactory and that 
the screased clearances in the compressor should 
produce a 0. 1 percent reduction in SFC and a suh* 

stantial increase in compressor stall margin.^ j 

The reason that the SFC reduction is only 0.1 per- j 

cent and not 0.3 percent is thst testing and analy- « 

sis conducted during the program has shown that the 
compreasor blade clearance closure potential is 
less than originally estimated. 

A schematic drawing depicting the main fea- 
tures of an improved CF6-6.high pressure turbine is 
presented in Fig. 16. Included in the improved tur- 
bine are: (1) single shank turbine blades in the 
first and second stages, (2) reduced turbine exit 
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•wirl which lowers the turbios ■id'frsM piwssurs 
lottss, (3) iaprovtd eoolini tschniqusi thereby 
reducini the cooling flow requireeente, (4) eero> 
dyoMiie refinooente such as increase solidity and 
saoothar blade surface finish, end (3) aechenical 
and cooling iaiprovaaants of the shroud to allow 
reduced blade tip clearances. The predicted SFC 
reduction resulting froai this parfonaance ioprove- 
■snt concept is 1.3 percent for new engines and 1,6 
percent after 3000 hours of operation. Devalopaent 
of the iaprovad turbine it coa^^lete. Data froa 
recant back-to~back engine parfotaanca tests are 
being analysed. 

Three interrelated PI concepts which involve 
iaprovad control of CF-6 turbine claarancat ere 
schaaaticelly illustrated in Figs. 17 to 19. Figure 
17 shows the aein features of the high pressure 
turbine roundness control (i.e. , passive clearance 
control). The priaary features of this concept arc 
an iaprovad aechenical design including such con- 
siderations as aaas and asss distribution of sup- 
porting structure, insulating or shielding the sup- 
porting structure froa the influence of cavity air 
recirculation, and selection of asterials which 
provide theraal growth rates aora coapatible with 
the turbine rotor atructnre. The anticipated re- 
duction in SFC of this concept it 0.6 percent for 
new engines and 0.8 percent at 3000 hours. 

Figure 18 shows the high pressure turbine 
(HPT) active clearance control PI concept. Cooling 
air from the fan aft duct, which is directed to 
iapinge at appropriate high pressure turbine shroud 
supports, is controlled to provide a ainioua allow- 
able turbine tip clearance at cruise. Tha reduced 
SFC value predicted for Che HPT active clearance 
control concept la 0.3 percent for new engines and 

0.6 percent at 3000 hours. 

The low pressure turbine (LPT) active clear- 
ance control ayscea is scheastically illustrated in 
Fig. 19. Fan air which is continuously used to cool 
the LPT shroud supports is auga«nted with addi- 
tional fan air at cruise to perait a reduction in 
blade tip clearance at cruise. The predicted SFC 
reduction using this systeai is 0.3 percent. 

All of the three turbine concepts are cur- 
rently in tl:e design and hardware procureaent 
stages. Developeent of the HPT Roundness Control 
and LPT Active Clearance Control is scheduled for 
1980. Devaloparot of the HPT Active Clearance Con- 
trol is scheduled through 1981. 

A scheaatic diagraa of the inproved DC-10 cab- 
in air circulation systea is presented in Fig. 20. 

A recirculation systea has been added to the exist- 
ing circulation systea in order to reduce the en- 
gine bleed air required. The priaary coagionents of 
the recirculation systea are a fan, filter, and 
appropriate ducting and controls. The predicted 
value of SFC iaproveaent accoapanying the engine 
bleed reduction is 0.7 percent. The cabin air re- 
circulation systea has been installed on an Aaeri- 
can Airlines DC-10 and an in-service evaluation due 
for coapletion in August 1980 is underway. 

The data presented in Fig. 21 sunaarites the 
fuel saving results for those perforaance concepts 
for which developaent is now coaplete. Inspection 
of these results show that although there are dif- 
ferences between the predicted and achieved SFC 
reductions in several cases, the overall coaparison 
on balance is quite good. The projected cueulative 


fuel saved is a function not only of the SFC re- 
duction but the nuaber of engines affected by any 
specific perforaance iaproveaent concept. Thus, < .i 
tha case of tha JT8D HPT Iaprovad Outer Air Seal, 
tha added nu^er of affected anginas anticipated 
after concept developaent increased tha fuel saved 
aora than that reflected in the SFC variation. 

Conclusion 

The Perforaance Iaproveaent Ptograa sponsored 
by NASA has already provided significant potential 
for reductions in the fuel consuaed by the coaaer- 
cial air transport fleet. Additional fuel savings 
potential are expected by PI concepts still under 
developaent. 
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Figure 12. - JT9D high pressure turbineouter 
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Figure 13. * CF6 fan. 
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Figure 14. - CF6 ore exhaust nozzle configurations. 
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Figure 17. - CF6 high pressure turbine roundness control. 
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